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Abstract

Cyanobacteria, such as Anabaena, produce a variety of bioactive natural products via polyketide
synthases (PKS), nonribosomal peptide synthetases (NRPS), and hybrid peptide/polyketide pathways.
The protein Asl1650, which is a member of the acyl carrier protein family from the cyanobacterium
Anabaena sp. PCC 7120, is encoded in a region of the Anabaena genome that is rich in PKS and NRPS
genes. To gain new insight into the physiological role of acyl carriers in Anabaena, the solution structure
of Asl1650 has been solved by NMR spectroscopy. The protein adopts a twisted antiparallel four-helix
bundle fold, with a variant phosphopantetheine-attachment motif positioned at the start of the second
helix. Structure comparisons with proteins from other organisms suggest a likely physiological function
as a discrete peptidyl carrier protein.
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Polyketides and nonribosomally synthesized peptides
form two large groups of natural products synthesized

Present addresses: 'Department of Molecular Pharmacology, Phys-
iology and Biotechnology, Brown University, Providence, RI 02912,
USA; “Institute for Molecular Biology and Biophysics, ETH Ziirich,
CH-8093, Ziirich, Switzerland.

Reprint requests to: Kurt Wiithrich, The Scripps Research Institute,
Department of Molecular Biology and Joint Center for Structural
Genomics, 10550 North Torrey Pines Rd., MB-44, La Jolla, CA 92037,
USA; e-mail: wuthrich@scripps.edu; fax: (858) 784-8014.

Abbreviations: ACP, acyl carrier protein; act, actinorhodin; Dcp,
D-alanyl carrier protein; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate;
FAS, fatty acid synthase; fren, frenolicin; HSQC, heteronuclear single
quantum correlation; NOE, nuclear Overhauser effect; NOESY, nu-
clear Overhauser effect spectroscopy; NMR, nuclear magnetic reso-
nance; NRPS, nonribosomal peptide synthetase; otc, oxytetracycline;
PCP, peptidyl carrier protein; PKS, polyketide synthase; PPTase,
phosphopantetheinyltransferase; RMSD, root-mean-square deviation;
TOCSY, total correlation spectroscopy.

Article published online ahead of print. Article and publication date
are at http://www.proteinscience.org/cgi/doi/10.1110/ps.051964606.

1030

by microbes as secondary metabolites. These natural
products include compounds with antibiotic, antifungal,
immunosuppressant, and anticancer activities (O’Hagan
1991; Carreras et al. 1997; Cane and Walsh 1999;
Sankawa 1999; Finking and Marahiel 2004). The actino-
mycetes (Omura et al. 2001; Bentley et al. 2002) and the
filamentous cyanobacteria (Dittmann et al. 2001; Hoffmann
et al. 2003) are particularly rich producers of these com-
pounds, and the genome of the filamentous, heterocyst-
forming cyanobacterium Anabaena sp. PCC 7120 contains
multiple polyketide synthase (PKS) and nonribosomal
peptide synthetase (NRPS) genes (Nakamura et al. 1998;
Kaneko et al. 2001).

Asl1650 is an acyl carrier protein encoded in a region
of the Anabaena genome that is particularly rich in PKS
and NRPS genes, and the surrounding genes encode
enzymes with sequence homology with both PKS and
NRPS enzymes. Modular type I PKS systems are large,
multifunctional proteins with multiple enzyme activities
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present on a single polypeptide chain, whereas iterative
type II PKS systems are assemblies of discrete poly-
peptide chains, where each chain has one enzyme activity,
and noncovalent protein—protein associations presumably
are important for the system to function. In both types of
systems, the acyl carrier protein (ACP) plays a central
role, acting as the anchor point for the growing acyl
chain, which is attached by a thioester linkage to the 4'-
phosphopantetheine prosthetic group of the ACP. This
prosthetic group is covalently attached to a serine residue
found in a conserved three-residue sequence, most com-
monly —Asp—Ser—Leu— (DSL). Polyketide biosynthesis
begins with the attachment of an acyl- (or aryl)-coenzyme
A “‘starter unit” to the ACP. This starter unit remains
attached while ‘“‘extender” acyl-coenzyme A units are
added on in a series of decarboxylative condensation
reactions, and are then further modified by tailoring
enzymes. PKSs share their basic organization with fatty
acid synthases (FASs) (Hopwood 1997), in which an ACP
domain carries growing fatty acid chains; the FASs of
yeasts, animals, and plants are large, modular type I enzymes,
while those of bacteria and mitochondria (Zhang et al. 2003)
have the type II organization.

Nonribosomal peptide synthetases use activated amino-
acyl units as building blocks for the synthesis of bioactive
peptides, which often contain unusual amino acids (Marahiel
et al. 1997; Cane and Walsh 1999; Finking and Marahiel
2004; Walsh 2004). Here, the carrier function is performed
by peptidyl carrier protein (PCP) domains homologous
to ACPs, and the peptide substrate is bound to the 4'-
phosphopantetheinyl group of the PCP domain as a peptidyl
thioester. Hybrid PKS/NRPS systems also exist. In contrast
to the PKSs and FASs, almost all nonribosomal peptide
synthetases characterized to date are of the modular type I
organization, with the PCP function represented by one
domain of the multifunctional polypeptide chain. Nonethe-
less, the existence of discrete PCPs has been reported in
two hybrid PKS/NRPS systems, i.e., the gene clusters for
the biosynthesis of bleomycin in Streptomyces verticillus
(Du and Shen 1999) and for the biosynthesis of leinamycin
in Streptomyces atroolivaceus (Tang et al. 2004).

Cyanobacterial PKSs and NRPSs are rich sources
of potentially useful therapeutic compounds, and to date
only a few of these gene clusters have been characterized
(Dittmann et al. 2001; Hoffmann et al. 2003). The
genomic context of Asl1650 is interesting in that adjacent
genes show homology with both PKS and NRPS enzymes.
Furthermore, these genes show only low sequence homol-
ogy with the previously characterized PKS and NRPS
systems. To investigate whether Asl1650 functions as part
of a PKS, NRPS, or hybrid pathway, and as a step toward
better characterization of these pathways, we have de-
termined the solution structure of Asl1650 by NMR
spectroscopy.

As a complement to these considerations on its functional
role in essential physiological processes in Anabaena,
Asl1650 was identified as an ortholog of a mouse fatty acid
synthase ACP domain (SwissProt P19096), with which it
shares ~18% sequence identity. This finding resulted from
a bioinformatics strategy aimed at extending the coverage of
protein fold space of eukaryotic proteins. Structural studies
of remote orthologs (distantly related proteins with low
levels of sequence identity) are of interest in expanding the
characterization of large protein fold families that are
represented in all kingdoms of life, and in delineating
functional relationships within these families. The evolu-
tionary/organizational similarities between FAS, PKS, and
NRPS have previously been intensively studied, and simi-
larity between ACPs from different species has been
implicated from multiple three-dimensional structure deter-
minations (Kim and Prestegard 1990; Crump et al. 1997,
Parris et al. 2000; Weber et al. 2000; Volkman et al. 2001;
Xu et al. 2001; Roujeinikova et al. 2002; Wong et al. 2002;
Findlow et al. 2003; Li et al. 2003; Reed et al. 2003; Park et al.
2004; Qiu and Janson 2004; http://www.jcsg.org/). These
include ACPs involved in fatty acid synthesis (Bacillus
subtilis, Escherichia coli, Helicobacter pylori, Thermotoga
maritima, Mycobacterium tuberculosis, rat), polyketide
synthesis (act, fren, otc), as well as in nonribosomal peptide
biosynthesis (Bacillus brevis). In view of the high diversity
of bacterial PKS and NRPS systems, this study of Asl1650
will be an important addition to the structural database that
can be used for continued attempts at complete character-
ization of these systems.

Results

The NMR experiments were performed with recombinant
Asl1650 expressed in E. coli. The construct used is a variant
of the wild-type sequence, with a designed replacement of
Cys 7 by Ala, to prevent intermolecular disulfide formation,
and an extra N-terminal tripeptide segment, Gly—Ser—His.
The protein was derived from the thrombin-cleavage site of
the expression and purification tag prepared with natural
isotope distribution, and uniformly labeled either with '°N
or with '*N and *C (for details, see Materials and Methods).

NMR structure determination of Asl1650

The structure of Asl1650 has been determined using
multidimensional heteronuclear NMR spectroscopy. Be-
cause of a tendency for aggregation at higher protein con-
centrations, the Asl1650 concentration was adjusted to 2 mM,
and 250 mM NaCl was added. Under these conditions, a
stable protein solution was obtained, with no changes in the
[lH,ISN]-HSQC spectrum (Fig. 1) observed over a period
of several months.

All backbone '°N and 'HM resonances were assigned
except for those of Ser (—2), His (—1), and Lys 46
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Figure 1. 2D ['H,'’N]-HSQC spectrum of uniformly '’N-enriched
Asl1650 (600 MHz, 303 K, protein concentration 2 mM in 20 mM sodium
phosphate buffer at pH 6.0, 250 mM NaCl). Backbone '>’N—"H cross peaks
are identified with the one-letter amino acid symbol and the sequence
number; for side chain BN-'H correlations, the atom positions for Arg
and Trp and horizontal lines for the —N'H, moieties of Asn and Gln are
also indicated.

(negative sequence numbers are used for the residues in
the N-terminal tripeptide segment preceding the Asl1650
sequence). All aliphatic and aromatic side chain reso-
nances were assigned, except for all of the resonances of
Ser 44, eCH3 of Met 1 and Met 33, 8CH, of Lys 46, and
{CH of Phe 68. All labile side chain protons of Asn, Gln, and
Arg were assigned, with the sole exception of Arg 53 mH.

The structure was determined with fully automated
analysis of the ['H,"H]-NOESY spectra, using the stan-
dard protocol for the ATNOS/CANDID/DYANA suite of
programs (Giintert et al. 1997; Herrmann et al. 2002a, b;
for details, see Materials and Methods). The correct fold
was obtained in the first cycle of calculation, with no
major changes to the structure occurring during the
subsequent six cycles. The statistics for the structure
determination and for the bundle of 20 conformers with
the lowest residual DYANA target function values, which
is used to represent the solution structure of Asl1650, are
summarized in Table 1. The structure is well defined with
the exception of the N-terminal polypeptide segment —3
to 2 (Fig. 2A).

The NMR structure of Asl1650

The protein forms a twisted, antiparallel four-helix
bundle with an up-down-up-down topology (Fig. 2B).
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Three a-helices, al, all, and alV, span residues 9-24, 45—
58, and 73-83. A long, well-ordered loop connects al and
oll. The remaining helix consisting of residues 64-66 is
a 3;¢p-helix, within the loop connecting helices oIl and aIV.

The N-terminal tripeptide segment of residues —3 to
—1, which was added by cloning, does not associate with
the protein. Together with the first two residues of the
Asl1650 sequence, Met 1 and Lys 2, it forms a disordered
“tail.” The three a-helices have amphipathic character,
each donating hydrophobic residues to the protein core on
the inside of the helix bundle, while charged residues are
exposed on the protein surface. The well-defined hydrophobic
core is a striking feature of the structure (Fig. 2A) and
includes the side chains of Ile 12, Trp 15, Leu 16, and Phe
20 of helix al; Leu 50, Leu 54, Trp 57, and Leu 58 of helix
all; Leu 76 and Leu 80 of helix alV; and Tyr 84 and

Table 1. Input for the structure calculation of the 88-residue
protein construct Asl1650(—3-85) and statistics of the bundle of
20 energy-minimized DYANA conformers used to represent the
NMR structure

Quantity Value®
NOE upper distance limits 2131
Intraresidual 519
Short-range 495
Medium-range 541
Long-range 576
Dihedral angle constraints 98
Residual target function value (Az) 1.76 £ 0.15

Residual NOE violations
Number > 0.1 A
Maximum (A)
Residual dihedral angle violations
Number > 2.5°
Maximum (°)
Amber energies (kcal/mol)
Total —2724.59 = 101.73
van der Waals —261.00 += 10.47
Electrostatic —3159.90 = 104.99
RMSD from ideal geometry
Bond lengths (10%)
Bond angles (°)
RMSD to the mean coordinates (A)b

24 =3 (19 —27)
0.13 £ 0.01 (0.11 — 0.14)

1+10-23)
2.73 = 0.8 (1.60 — 4.31)

0.0077 %= 0.0002
2.001 = 0.053

bb (—1-85) 0.45 = 0.14 (0.33-0.82)

ha (—1-85) 0.90 = 0.19 (0.74-1.43)
Ramachandran plot statistics®

Most favored regions (%) 78.6

Additional allowed regions (%) 17.4

Generously allowed regions (%) 32

Disallowed regions (%) 0.8

“Except for the top two entries, the average value for the 20 energy-
minimized conformers with the lowest residual DYANA target function
values and the standard deviation among them are listed, with the
minimum and maximum values given in parentheses.

b(bb) Backbone atoms N, C*, C'; (ha) ““all heavy atoms.” The numbers in
parentheses indicate the residues for which the RMSD was calculated.
¢As determined by PROCHECK (Morris et al. 1992; Laskowski et al.
1993).
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Figure 2. Wall-eye stereo views of the NMR structure of the protein Asl1650. (A) Bundle of 20 energy-minimized DYANA
conformers. (Blue) Polypeptide backbone, (gold) hydrophobic side chains of the protein core. The positions of selected hydrophobic
core residues are identified with the sequence numbers. (B) Ribbon diagram of the Asl1650 conformer with the lowest RMSD to the
mean coordinates of the bundle of 20 conformers in panel A. The four helices forming a helix bundle (see text) are labeled al, all,
3,o(IT), and oIV at their N termini. The chain-terminal residues —3 and 85 are indicated.

Leu 85. At one end (Fig. 2A), Pro 6 stacks with Trp 15
(from helix al) and Trp 57 (from helix «all). Well-defined
structure persists all the way to the C terminus, since the
side chains of Tyr 84 and Leu 85 also form part of the
hydrophobic core (Fig. 2A).

The long loop of residues 25-44, which connects the
helices al and all, is well defined in spite of the fact that
it contains only two recognizable tight turns and no
regular secondary structure. This is likely due to the
presence of several hydrophobic residues that form part of
the protein interior, where they associate with side chains
from the helices al, all, and aIV. Thus, the hydrophobic
residues Ile 31, Phe 37, Tyr 40, and Leu 42 are all in close
contact with Phe 20 and Leu 24 of helix al. The tight
turns in this loop are also stabilized by hydrogen bonds.
In particular, in the 3;o-turn of residues 28-30, the
carbonyl oxygens of Asp 27 and Pro 28 are linked to
the amide protons of Asp 30 and Ile 31, and similar (i, i +
3) hydrogen bonds from the carbonyl oxygens of Ser 36
and Phe 37 to the amide protons of Asn 39 and Tyr 40 are
identified in a 3o-turn of residues 37-39. In addition, the
side chain hydroxyl group of Tyr 40 forms a hydrogen
bond to the amide proton of Asp 32.

Discussion

A detailed analysis of the solution structure of Asl1650
and comparison with the structural and functional data
available for other proteins of the acyl carrier protein
(ACP) family lead us to propose that this protein
functions as a discrete peptidyl carrier protein in either
a nonribosomal peptide synthetase (NRPS) or a hybrid
polyketide synthase (PKS)/NRPS biosynthetic system.
This prediction is based on the following pieces of
evidence: (1) Asl1650 adopts a twisted, antiparallel,
four-helix bundle fold characteristic of the ACP family;
(2) the fold of Asl1650 shows the closest similarity to the
peptidyl carrier protein (PCP) and PKS ACP proteins but
significantly larger differences to fatty acid synthase
(FAS) ACP proteins; (3) a close structural resemblance
to B. brevis PCP in the molecular recognition region of
helix III, including the hydrophobic character of its
molecular surface; (4) apart from helix III, the molecular
surface is mainly negatively charged, which would be
consistent with Asl1650 being a discrete soluble protein
as predicted by genome annotation (Nakamura et al.
1998; Kaneko et al. 2001); (5) Asl1650 is encoded in
a region of the Anabaena genome that is rich in both PKS
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and NRPS genes; (6) Asl1650 contains a variant active-
site sequence which differs from those in all presently
known ACP structures but has occasionally been found in
NRPS modules; (7) Asl1650 lacks conserved Arg and Asn
residues found in all PKS ACPs characterized to date, but
retains a conserved Lys residue known to be important in
PCP function. In the following, we evaluate these exper-
imental data in more detail.

Global fold comparison of Asl1650 with related proteins

The energy-minimized Asl1650 conformer with the lowest
root-mean-square deviation (RMSD) to the mean coordi-
nates of the bundle of conformers in Figure 2A was
superimposed on the other known ACP structures for which
coordinates are available (Kim and Prestegard 1990; Crump
et al. 1997; Parris et al. 2000; Weber et al. 2000; Volkman
et al. 2001; Xu et al. 2001; Roujeinikova et al. 2002; Wong
et al. 2002; Findlow et al. 2003; Li et al. 2003; Reed et al.
2003; Qiu and Janson 2004; JCSG, http://www.jcsg.org/).
This comparison revealed that Asl1650 generally resembles
PKS ACPs more closely than FAS ACPs. An analysis by Li
et al. (2003) has previously noted structural differences

Asll650 (2AFE)
otc ACP (1NQ4)
fren ACP (10R5)
L. rhamnosus Dcp (1DV5)
TycC3 PCP (1DNY)

between PKS ACPs and FAS ACPs. The highest overall
structural similarities are with ofc ACP, a type II ACP
involved in oxytetracycline biosynthesis in Streptomyces
rimosus (Findlow et al. 2003); fren ACP, which is involved
in frenolicin biosynthesis in Streptomyces roseofulvus (Li
et al. 2003); Lactobacillus rhamnosus Dcp, a D-alanyl carrier
protein involved in lipoteichoic acid biosynthesis (Volkman
et al. 2001); and TycC3 PCP, a peptidyl carrier protein
domain of the NRPS responsible for tyrocidine biosynthesis
in B. brevis (Weber et al. 2000). Comparison between
Asl1650 and each of these four proteins showed that the
backbone atoms of the corresponding regions of the helices
al, all, and alV can be superimposed with an RMSD <1.70
A (see Fig. 3 for the identification of the polypeptide
segments used for the RMSD calculations). In spite of these
close fits between the three-dimensional structures, the
sequence identity between Asl1650 and the other four
proteins ranges from only 14% to 22% (Fig. 3). Some key
residues are also found in similar positions. For example,
Phe 37, which is highly conserved throughout the ACP
family, adopts nearly identical positions in the three-
dimensional structures, and the orientation of several leucine
side chains within the core is also conserved. Significant

ol

l}dKT IQPCSVEII;IQSWLIDQFZAQI LDVDPDDSIIDME!E S FDNY4DlL
MILLTLSDLLTLLRECAGEFESIDL.GGDVEDVAFDALGY

. SALTVDDLRRLLAETAGEDDSVDLAGELDTPEVDLGY
ADEAIRNGVLDILADLTGSDDVKKNLDLNLFETGLL
......... APTNAVESKLAEIWERVLGV SGIGILDNFFQIGG

E. coli FAS ACP (1ACP,1L0H,1T8K) .STIEERVRKIIGEQLGVKQEEVTNNASFVEDLGA

M. tub. FAS ACP (1lKLP)
TM0175 (1VKU)

act ACP {1AF8)

B. sub. FAS ACP (1HY8)
rat FAS ACP (1NB8L)

.PVTQEEITAGIAEIIEEVTGIEPSEITPEKSFVDDLDI
KIMERKKLIAKFVEIASEKMGKDLETVDEENTFKELGE
MATLLTTDDLRRALVECAGETDGTDLSGDFLDLRFEDIGY
ADTLERVTKIIVDRLGVDEADVKLEASFKEDLGA
.DGEAQRDLVEAVAHILGIRDLAGINLDSSLADLGL

all 3,0 (1ID) alV
- — T

51 61 71 81
As11650 [NSSKALILLGRLEKWLGKELNP VLIFNYPTIAQLAKRLGELYL
otc BACP DSLALLNTVGRIERDYGVQLGD DAVEKATTPRALIEMTNASL.
fren ACP DSLALLETAAVLQORYGIALTD ETVGRLGTPRELLDEVNTTP.
L. rhamnosus Dcp DSMGTVQLLLELQSQFGVDAPVSEFDRKEWDTPNKIIAKVED. .
TycC3 PCP HS VAAQVHREYQVELPL KVLFAQPTIKALAQYVATR
E. coli FAS ACP DSLDTVELVMALEEEFDTETPD EEARKITTVQAAIDYINGHQ.
M. tub. FAS ACP DSLSMVEIAVQTEDKYGVKIPD EDLAGLRTVGDVVAYIQKLE.
TM0175 DSIPVIDLVMEFFEDEFALRIED EEISKIRKVKDLIDIVIKKL.
act ACP DSTAIMETAARLESRYGVSIPD DVAGRVDTPRELLDLINGAL.
B. sub. FAS ACP DSLPVVELVMELEDEFDMEISD EDAEKIATVGDAVNYIQONQ.
rat FAS ACP DSIMGVEVRQTILEREHDILVLPT R EVRQLTLRKLOEMSSKAG.

Figure 3. Sequence alignment of Asl1650 with other structurally characterized proteins in the ACP family. The PDB codes for the
comparison proteins are included in parentheses in the fop part of the figure. The alignment was obtained with the software FFAS
(Rychlewski et al. 2000). Residue numbers for Asl1650 are indicated above the sequence. (Box) The three-residue phosphopante-
theinylation-site sequence; (periods) residues not used by FFAS for the alignment; (stars) sequence positions 46, 74, and 81, which are
discussed in the text as having possible functional importance. The sequences of the otc, fren, M. tub., TMO175, act, and rat ACPs were
truncated so as not to extend beyond the C terminus of Asl1650. The insertion in L. rhamnosus Dcp at the positions corresponding to
64-65 of Asl1650 was deleted by the “master-slave” alignment format of FFAS and was added interactively based on inspection of the
three-dimensional structure. The positions of the helices that form the four-helix bundle in Asl1650 are indicated above the Asl1650
sequence. For all the proteins, helical residues, as identified by MOLMOL (Koradi et al. 1996), are shown in bold lettering. The
residues used for the RMSD calculations in the three-dimensional structure superpositions with Asl1650 (see text) are underlined.
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differences arise only in the lengths of some of the helices
(Fig. 3). Thus, helix al of AslI1650 is extended at the N
terminus by a full turn relative to al in ofc and fren ACPs,
and Asl1650 lacks the flexible C-terminal extension of ofc
ACP. In terms of relative helix disposition, Asl1650 is also
very similar to B. brevis TycC3 PCP and to L. rhamnosus
Dcp.

In contrast, a comparison with FAS ACPs shows that
although the global fold is maintained, the helix orienta-
tions diverge and the conformations of the connecting loops
also show larger differences. Thus, if all and oIV are
superimposed for best fit with the corresponding helices in
the FAS ACPs of M. tuberculosis (Wong et al. 2002), E.
coli (Kim and Prestegard 1990; Roujeinikova et al. 2002;
Qiu and Janson 2004), B. subtilis (Parris et al. 2000; Xu et al.
2001), and T. maritima (JCSG, http://www.jcsg.org/; PDB
code 1VKU), al then has a noticeably different orientation,
and the arrangements of the third helix [3o(III) or oIII] are
also quite widely different. Similar differences are also
observed when comparing Asl1650 with act ACP, which is
involved in actinorhodin biosynthesis in Streptomyces
coelicolor (Crump et al. 1997). Finally, rat FAS ACP (Reed
et al. 2003) has a much shorter helix al; «lI is also shorter
by a full turn (Fig. 3); and the spatial arrangement of the
loops linking the helices is substantially different from
Asl1650. Superposition of the coordinates of Asl1650 with
those of the proteins described in this paragraph, using the
backbone atoms of helices al, all, and oIV (Fig. 3),
yielded RMSD values ranging from 1.8 to 4.45 A.

Structure and dynamics of the loop linking the helices
al and all

Several studies of ACPs and related proteins have revealed
conformational disorder in the loop linking the first two
helices in the four-helix bundle. Thus, roughly the first half
of this loop was disordered in act ACP (Crump et al. 1997)
and in rat FAS ACP (Reed et al. 2003), as shown by high
displacement values among the bundle of conformers
representing the NMR structure and by rapid amide proton
exchange with the solvent, and in the fren (Li et al. 2003)
and ofc (Findlow et al. 2003) ACPs, as shown by corre-
sponding observations and by '°N relaxation data indicating
high-frequency mobility. Two different local conformations
were apparent in the second half of this loop in TycC3 PCP,
and "N relaxation data also indicated high flexibility
(Weber et al. 2000); in the B. subtilis FAS ACP, structural
disorder and flexibility were apparent throughout much of
the loop (Xu et al. 2001). In stark contrast, no evidence for
loop disorder (Fig. 2A) or flexibility was obtained in
Asl1650. >N{'H}-NOE values were between 0.7 and 0.8
for almost all residues within the loop, similar to the values
for the residues in the helices. The well-structured loop in
Asl1650 can be rationalized by the fact that the side chains

of Ile 31, Phe 37, Tyr 40, and Leu 42 all contribute to the
protein core and thus anchor the loop. In this respect,
Asl1650 resembles the FAS ACP from M. tuberculosis
(Wong et al. 2002) and the D-alanyl carrier protein (Dcp)
from L. rhamnosus (Volkman et al. 2001), in which the loop
is also as well ordered as the rest of the protein.

Helix 3]0(1]1)

The short helix 34(III) in the loop connecting the helices
oIl and oIV varies considerably in different ACPs.
Although a corresponding helix is present in almost all
known ACP structures (Fig. 3), it is structurally disor-
dered in act ACP and B. subtilis FAS ACP, and two
different conformations in slow exchange were found in
fren ACP. In Asl1650, this 3;o-helix of residues 64-66 is
well defined, with no evidence for increased dynamics.

Conservation of putative functional residues

The active site of ACPs comprises a tripeptide segment
that includes an invariant serine, which is the site of cova-
lent modification by a phosphopantetheinyl group donated
by coenzyme A in a reaction catalyzed by phosphopante-
theinyltransferases (PPTases). In Asl1650, the active site
has the sequence NSS (residues 43—45). This is at variance
with most of the other characterized ACPs, which contain
the sequence DSX, where X is either leucine or another
hydrophobic residue (Fig. 3). After spatial alignment of
helices al, all, and alV, the position and orientation of the
NSS active-site segment in Asl1650 were essentially
identical to those of the DSX sequences in the other ACPs.
In all cases, the active-site sequence is found at the beginning
of helix all (Fig. 3), and all three residues are exposed on
the protein surface and available for recognition and
covalent modification by PPTases. The presence of a second
serine in the Asl1650 recognition sequence raises the pos-
sibility of two alternative sites for the covalent modifica-
tion, although structural similarity would suggest the central
Ser as the primary modification site.

The Asp to Asn substitution in the first position of the
active site tripeptide segment is not common, but occurs
in several other CP domains, including domains of hybrid
PKS/NRPS pathways such as those of microcystin bio-
synthesis (Rouhiainen et al. 2004), rapamycin biosynthe-
sis (Aparicio et al. 1996), and bleomycin biosynthesis
(Du and Shen 1999), as well as various predicted CP
domains in Mycobacteria, Bacillus, Streptomyces, and
other species. By analogy to type II FAS systems, this
modification is likely to be relevant for the activation by
PPTases. The structure of the B. subtilis FAS ACP-ACP
synthase complex (Parris et al. 2000) showed that the Asp
residue is directly involved in intermolecular recognition.
Although it is possible that PKS and NRPS systems
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would function differently, it is a likely hypothesis that in
these systems also, the residue preceding the central Ser
might be involved in recognition. The residue at this
position has been shown to affect interactions between the
PCP and epimerization domains in NRPS modules (Linne
et al. 2001). Different residues are conserved at this
position between PCP domains located N-terminally to
epimerization domains versus those located N-terminally
to condensation domains (D and H, respectively) (Linne
et al. 2001).

Two conserved residues corresponding to Arg 72 and
Asn 79 in act ACP have been identified as being
characteristic of PKS ACPs (Crump et al. 1997), and
might be involved in intermolecular interactions within
PKS systems. Asl1650 lacks these conserved Arg and Asn
residues, and Ala 74 and Gly 81 occupy the correspond-
ing positions (Fig. 3).

Crystallography (Parris et al. 2000), NMR spectros-
copy (Jain et al. 2004), molecular modeling (Zhang et al.
2001; Keatinge-Clay et al. 2003), and mutational studies
(Flaman et al. 2001; Zhang et al. 2001; Mofid et al. 2002;
Worsham et al. 2003) have implicated the helices oIl and
alll as important sites for recognition by PPTases and
other biosynthetic enzymes. A conserved trait of peptidyl
carrier proteins (PCPs) is a Lys or Arg immediately
following the active-site sequence at the beginning of
helix oll, as distinct from ACPs, which often have an
acidic or small polar residue at this position (Finking et al.
2004). This residue is thought to be responsible for allowing
recognition of the PCP by promiscuous PPTases of sec-
ondary metabolism (Sfp-type), which contain a key acidic
residue in their active sites, while preventing recognition by
PPTases of primary metabolism (AcpS-type), where the
relevant residues are basic (Finking et al. 2004). In com-
mon with PCP domains, this residue is Lys 46 in Asl1650
(Fig. 3).

Leu 66
GIn 71

Thr 72/73
Ile 73/74

At positions 49 and 56, Asl1650 shows closer similar-
ity to PCP/PKS ACP domains; for example, position 49 is
most commonly Glu in FAS and PKS ACPs, while in
Asl1650 it is Ile and in PCP it is Ala. These residues are
all exposed on the protein surface in the Asl1650 structure.

Other molecular surface features

An unusual feature of the short helix 3;(III) of Asl1650
is that Phe 68 forms a hydrophobic patch with Pro 64, Val
65, Tyr 70, and Pro 71 on the protein surface. This
contrasts with the hydrophilic nature of the third helix in
most of the other known ACPs, but strongly resembles the
corresponding region of TycC3 PCP (Weber et al. 2000),
which forms one domain of a large modular, multifunc-
tional NRPS. As shown in Figure 4, significant structural
similarity exists between the two proteins throughout the
helix 3,o(III), with the surface-exposed residues Phe
68/69 and Pro 71/72 in nearly identical positions. The
similarity extends beyond the end of 3;¢(IIl) toward
the start of helix oIV at residue 73. However, in PCP,
the hydrophobic side chains from helix 3,o(III) form part
of a large hydrophobic region, which extends across
nearly half of the protein surface and includes the
phosphopantetheinylation site, whereas in Asl1650 the
side chains from 3;((III) form an isolated hydrophobic
patch on the protein surface (Fig. 5). This characteristic
of helix III contrasts with that in ACPs of both PKS and
FAS systems, where most of the solvent-exposed residues
of helix III are hydrophilic. For example, in L. rhamnosus
Dcp, Arg and Lys residues are located on the surface of
helix III (Fig. 5), while in the B. subtilis holo-ACP-ACP
synthase complex (Parris et al. 2000), the acidic side
chains of Asp 56 and Glu 60 are surface-exposed. The
crystal structure of this complex revealed that these side
chains form part of the molecular surface recognized by

Thr 72/73
Tle 73/74

Figure 4. Wall-eye stereo view illustrating structural similarity in the region of the helix 3;((III) between Asl1650 (blue) and TycC3
PCP (green). The backbone is represented by a spline function through the C* positions, and the side chain heavy atoms are shown as
stick diagrams. The orientation is such that side chains in the front right of the figure are exposed on the protein surface.
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Asl1650

otc ACP \ L. rhamnosus Dcp

Figure 5. Molecular surface presentations of Asl1650 and TycC3 PCP
(see Fig. 3), and two other ACPs, colored according to electrostatic
potential (positive, blue; negative, red; neutral, white). The Asl1650
structure has been rotated by 90° about a vertical axis relative to the
views in Figure 2. The other proteins have been oriented after a best-fit
superposition of the corresponding residues in the helices al, all, and oIV
(see Fig. 3). For each protein, the C terminus of the helix III is marked with
a star, from where this helix extends horizontally to the right across each
protein surface. For Asl1650 and TycC3 PCP, the surface residues
introduced in Figure 4 are also identified. Furthermore, the location of
the active-site tripeptide segment is indicated with an arrow. The surfaces
were calculated with MOLMOL (Koradi et al. 1996), using an all-heavy-
atom presentation and “‘simple” charges.

the ACP synthase. This area is near the active-site Ser on
the molecular surface. In both PKS and FAS ACPs, acidic
residues are usually found in the positions corresponding
to Pro 64 and Val 65 in Asl1650 (Fig. 3). Overall, the
proximity to the active site and the surprisingly close
three-dimensional structure similarity to PCP in this
region implicate the helix III region as an important area
for molecular recognition.

It is apparent in Figure 5 that Asl1650, with the helix
IIT hydrophobic surface surrounded by charged residues,
presents neither the uniformly negatively charged surface
of ACPs, as represented by ofc ACP, nor the crescent of
positive charge of the corresponding region in Dcp. This
would be consistent with a function as a discrete soluble
protein, in contrast to PCP, which functions as a domain
within a larger type I NRPS protein. These observations
lead us to hypothesize that the hydrophobic helix III
region may be important for intermolecular interactions
within a NRPS system and that Asl1650 may function as
part of a NRPS or hybrid NRPS/PKS system, rather than
a PKS system.

Genomic context

Within the Anabaena genome (Nakamura et al. 1998; Kaneko
et al. 2001), the asl1650 gene lies directly downstream of

a putative transcriptional regulator (all1651) and upstream
of several other NRPS and PKS genes (alll1646—1649). The
open reading frame all/647 has sequence similarity to core
NRPS adenylation and condensation domains but contains
no PCP region. It is possible that Asl1650 might function
within the same biosynthetic pathway as the protein
encoded by alll647, and might provide peptidyl carrier
protein activity through an intermolecular interaction. Such
an arrangement would not conform to the classical type
I/type 1I organization, with either all enzyme activities on
one polypeptide chain (modular, type I), or separate pro-
teins for each enzyme activity (iterative, type II) (see the
introduction). In this context, we note further that Asl1650
shares more sequence characteristics with PCPs located N-
terminally to epimerization domains rather than with those
of PCPs located N-terminally to condensation domains
(Marahiel et al. 1997; Finking and Marahiel 2004; Finking
et al. 2004).

The ORFs alll646, alll648, and alll649 encode pro-
teins with similarity to type I PKSs. These are followed
by several proteins of unknown function. We note that
a similar gene cluster with a nearly identical arrangement
is found in the genome of the closely related strain
Anabaena variabilis. The protein encoded by alll646 is
also known as HgIE2 and shares 51% sequence identity
with HglE, a protein essential for heterocyst glycolipid
formation in Nostoc punctiforme (Black and Wolk 1994,
Campbell et al. 1997). Anabaena sp. PCC 7120 contains
two orthologs of HglE, with HglE1 being more similar
than HglE2. HglE1 is located in a cluster of genes known
to be involved in heterocyst glycolipid biosynthesis
(Black and Wolk 1994; Campbell et al. 1997). Expression
of both HglE1 and HgIE2 was absent in a mutant with an
inactivated copy of devH, which encodes a transcriptional
regulator involved in heterocyst differentiation. The
mutant strain was deficient in heterocyst glycolipid
biosynthesis (Ramirez et al. 2005). This process may
therefore represent a possible cellular role for Asl1650
and/or the neighboring genes. Alternatively, cyanobac-
teria produce a variety of other hybrid peptide—polyketide
metabolites; for example, Nostoc strains produce the
potent cytotoxic cryptophycins via hybrid pathways
(Golakoti et al. 1995). The greatest diversity of PKS/NRPS
genes occurs in the filamentous cyanobacteria as opposed
to the unicellular cyanobacteria (Dittmann et al. 2001).
Consistent with this general trend, many proteins or protein
domains with similarity to Asl1650 (at a cutoff E-value = 5)
are detectable by a BLAST search in the genome sequences
of the filamentous cyanobacteria Anabaena sp. PCC 7120,
Anabaena variabilis, and Nostoc punctiforme (15, 19, and
38 orthologs, respectively), whereas fewer orthologs are
detectable in the unicellular cyanobacteria Synechocystis
sp. PCC 6803, Prochlorococcus marinus str. MIT 9313, and
Synechococcus sp. WH8102, which do not have such a wide
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variety of PKS/NRPS gene clusters (6, 2, and 6 orthologs,
respectively).

Classification of acyl carrier proteins

The structural observations described above lead us to
some guidelines for the classification of proteins in the
ACP family. We suggest that the helix III region should
be primarily considered in addition to helix II when
attempting to classify these proteins; in particular, the
residues at positions 64, 68, 69, and 71, which are
surface-exposed and uncharged in Asl1650 and B. brevis
PCP (and also in type I PKS ACP domains where,
however, a histidine residue at position 70 is more
common). Furthermore, positions 64 and 65 in helix III
are usually acidic in FAS and type II PKS ACPs.

Functionally important surface-exposed residues of
helix II can provide a basis for further discrimination
among these proteins. The active-site tripeptide
sequence is at the start of helix II, and the residue
immediately following it (position 46 in Asl1650) is
often a lysine in PCPs (Finking and Marahiel 2004),
aspartate or a small polar residue in FAS ACPs, and
alanine in PKS ACPs. In type I PKS ACPs, this residue
is most often an alanine, but may also be serine,
threonine, valine, or methionine. Position 49 is a highly
conserved glutamate residue in FAS ACPs and in PKS
ACPs of both types. In PCPs, this position is variable,
and may be neutral or basic. In contrast to the helices II
and III, there are no identifying residues located in the
first half of ACP/PCP sequences, consistent with our
structural analysis, which shows that the position,
length, and orientation of helix al and of the long loop
following it vary more extensively than the helices II,
II1, and IV (Fig. 3).

Since the ACP family is diverse and exceptions to
many of the sequence conservation trends exist, the use of
a profile/profile alignment method, such as FFAS (Rychlewski
et al. 2000), is recommended as an additional tool when com-
paring new candidate proteins to known ACPs and PCPs.
The FFAS server (http://ffas.ljcrf.edu/ffas-cgi/cgi/ffas.pl)
calculates an overall score based on the match to sequence
profiles generated from an existing database. The score
takes into account weak sequence similarity over the entire
protein, which is otherwise difficult to detect. Theoretical
considerations show that a high score implies overall struc-
tural similarity, and practical experience indicates that this
method is able to help in differentiating subclasses of
proteins, even within protein families such as the ACPs
that share only low sequence identity. Overall, we recom-
mend that classification of ACPs be based on matching of
the structural features described in the first two paragraphs
of this section, supplemented by results obtained using such
profile alignment methods.

1038 Protein Science, vol. 15

Materials and methods

Identification of Asl1650 as an acyl carrier
protein ortholog

Bacterial orthologs of predicted proteins from the mouse
genome that are represented in the Protein Family database
(Pfam) were selected. Pfam domain PFO0550 represents the acyl
carrier protein family. Asl1650 was identified as an ortholog of
the acyl carrier protein domain of the mouse fatty acid synthase
(residues 2108-2185; SwissProt accession no. P19096). Al-
though the overall level of sequence identity is low (18%), the
relationship could be substantiated by PSI-Blast (Altschul et al.
1997), an iterative, profile/sequence alignment method that is
sensitive to weak sequence similarity. In the rest of the ACP
family, similarity is most evident near the Ser residue in the
consensus motif DSX (X = hydrophobic), which is the site of
covalent modification by a phosphopantetheinyl group.

Expression and purification

Asl1650 (previously amplified from genomic DNA, as described
in Lesley et al. 2002), was subcloned into the Ndel and EcoRI
sites of plasmid pET-28b(+) (Novagen), yielding a construct
encoding residues 1-85 and a thrombin-cleavable N-terminal
Hisg-tag MGSSHHHHHHSSGLVPRGSH). Restriction enzymes were
obtained from New England BioLabs. Replacement of the single
Cys residue in position 7 of the wild-type sequence by Ala was
achieved with the QuikChange site-directed mutagenesis system
(Stratagene). A comparison of the 2D ['H,"N]-HSQC spectra of
the wild-type Asl1650 and Asl1650 [C7A] showed essentially no
differences outside of the peptide segment of residues 6-8. BL21-
CodonPlus(DE3)-RIL cells (Stratagene) were used for protein
expression. Cultures were grown at 37°C to an ODggo value of
~0.7, induced with 1 mM IPTG, and grown for another 3 h. Cells
were lysed by sonication in 50 mM Tris (pH 8.0) with 500 mM
NaCl, 5 mM imidazole, and protease inhibitors (Complete EDTA-
free, Roche). The lysate was clarified by centrifugation, filtered,
and applied to a HiTrap chelating HP (iminodiacetic acid) column
(Amersham) charged with Niz+, and eluted with a 5-250 mM
imidazole gradient. The sample was concentrated, diluted into 50
mM Tris buffer (pH 8.0) containing 50 mM NaCl and 10 mM
CaCl,, and 250 pL thrombin-agarose resin (Sigma) was added;
cleavage was complete after gentle shaking (90 rpm) for 42 h at
37°C. The cleaved Hise-tag was removed by a second Ni**-affinity
chromatographic step. A final anion-exchange step (HiTrap Q FF,
20 mM Tris at pH 8.0, 0-1.5 M NaCl gradient) then yielded pure
Asl1650, as assessed by SDS-PAGE and MALDI-TOF mass
spectrometry. An N-terminal tripeptide segment not present in
the wild-type sequence (GSH) remained after thrombin cleavage.
Mass spectrometry also showed that the recombinant protein had
not been covalently modified with a phosphopantetheine group by
the E. coli holo-(acyl carrier protein) synthase (AcpS).

NMR sample preparation

Samples with natural isotope abundance were produced from
cultures grown in LB broth, while isotope labeling was accom-
plished by growing cultures in minimal medium containing
either 1 g/L 'NH,CI for a uniformly '°N-labeled sample, or
1 g/L ""NH,CI and 4 g/L '*C¢-D-glucose for a uniformly
>N, 3C-labeled sample. Both procedures yielded 50 mg of pure
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protein from 1 L of culture. NMR samples of volume 550 pwL were
produced by exchanging the pure protein into 20 mM sodium
phosphate buffer (pH 6.0) containing 250 mM NaCl and 2 mM NaNj,
using Millipore Ultrafree centrifugal concentrators (Biomax-5
membrane) to obtain a final protein concentration of 2 mM.

NMR spectroscopy

NMR spectra were recorded at 303 K on Bruker Avance 600 and
Avance 900 MHz spectrometers equipped with TXI HCN z- or
xyz-gradient probes, and on a Bruker Avance 500 MHz
spectrometer equipped with a TXI HCN z-gradient cryoprobe.
For the backbone and side chain resonance assignment, the
following experiments were recorded with a solution of the
uniformly '°N,"®C-labeled protein in 90% H,0/10% D,O (v/v):
3D HNCACB (Wittekind and Mueller 1993), 3D CBCA
(CO)NH, 3D HBHA(CO)NH (Grzesiek and Bax 1992), 3D
HNCO (Ikura et al. 1990), (H)CC(CO)NH-TOCSY (Logan et
al. 1993) (DIPSI-2 sequence [Shaka et al. 1988] for the '*C, 1*C
mixing, 10 kHz field, 7, = 12 ms), HC(C)H-TOCSY (DIPSI-3
sequence [Shaka et al. 1988] for 3¢, Bc mixing, 10 kHz field,
T = 12 ms, z-filter version [Peti et al. 2000]), and 3D 'C-
resolved [IH,IH]—NOESY (Tm = 80 ms) (Muhandiram et al.
1993). The following additional experiments were recorded with
a uniformly '*N-labeled sample in 90% H,0/10% D,O (v/v): 2D
['H,'>N]J-HSQC, 3D "“N-resolved ['H,'H]-TOCSY (1, = 65
ms; DIPSI-2 mixing sequence [Shaka et al. 1988], field strength
8 kHz for 'H, "H mixing), and 3D '*N-resolved ['H,'H]-NOESY
(T = 80 ms). Assi%nment of aromatic side chain resonances
was based on a 2D [ H,]H]-NOESY spectrum (900 MHz, 7, =
80 ms) obtained after exchanging the sample into D,O (Cam-
bridge Isotope Laboratories), in combination with 2D ['H,'3C]-
HSQC and 3D "C-resolved ['H,'H]-NOESY (1, = 80 ms)
spectra. 'SN{'H}-NOE values were measured from 2D
[ H,ISN]—HSQC spectra recorded in an interleaved manner
(Farrow et al. 1994) with and without 'H saturation by a series
of 120° high-power 'H pulses separated by 5-msec delays. Inter-
nal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as a
chemical shift reference for 'H, '°N, and '*C (Wishart et al. 1995).
Data processing and analysis were carried out using the programs
XWINNMR 3.5 (Bruker) and XEASY (Bartels et al. 1995).

Three-dimensional structure determination

Structure determination was based on experimental NOE data
obtained from 3D *N-resolved ['H,'H]-NOESY, 3D '*C-resolved
[IH,'H]—NOESY, and 2D [1H,'H]—NOESY spectra recorded at 900
MHz with 7,, = 80 msec, whereby the 2D ['H,'H]-NOESY
spectrum was obtained in D,O solution. Structure calculations
employed the programs ATNOS (Herrmann et al. 2002a) for
automated NOE peak picking, CANDID (Herrmann et al. 2002b)
for automated NOE assignment, and DYANA (Gilintert et al. 1997)
for torsion angle dynamics structure calculation. The chemical
shift lists from the resonance assignment and the three aforemen-
tioned NOESY spectra were used as input for ATNOS. The
standard ATNOS/CANDID/DYANA protocol (Herrmann et al.
2002a, b) consisting of seven cycles of NOE peak picking, NOE
assignment, distance restraint generation, and structure calculation
was employed. Each cycle of calculation produced an intermedi-
ate ensemble of three-dimensional structures, which was used as
additional input for the subsequent cycle to re-evaluate the
experimental NOESY data. Supplemental dihedral angle restraints
were also employed in each cycle, as obtained from secondary
structure identification using C* chemical shifts (Spera and Bax

1991; Luginbiihl et al. 1995). The final set of unambiguous NOE
assignments obtained in the last cycle led to 2131 meaningful
distance restraints, i.e., on average, 24 restraints/residue. The 20
structures with the lowest residual DYANA target function values
obtained from the final cycle 7 were subjected to energy
minimization in a shell of water molecules, using the program
OPALp (Luginbiihl et al. 1996; Koradi et al. 2000) with the Amber
force field (Cornell et al. 1995). The quality of the final structures
was assessed with PROCHECK (Morris et al. 1992; Laskowski
et al. 1993).

The atomic coordinates of the bundle of 20 Asl1650 con-
formers of Figure 2A (accession no. 2AFD) and of the
conformer closest to their mean coordinates (accession no.
2AFE; Fig. 2B) have been deposited in the Brookhaven
Protein Data Bank (http://www.rcsb.org/pdb/). The sequence-
specific resonance assignments have been deposited in the
BioMagResBank (http://www.bmrb.wisc.edu) with accession
number 6751.

Structural analysis and comparison with other ACP
family proteins

Superposition of Asl1650 with other ACP family proteins was
performed using the program MOLMOL. Best fit of the
backbone N, C% and C’ atoms of sets of 10, 10, and 9
consecutive residues in the three major helices I, II, and IV of
Asl1650 with counterparts in the other proteins was considered,
since the shorter helix III and the connecting loops are quite
variable. For Asl1650, the residues used were 14-23, 48-57, and
73-81, and for the other proteins, corresponding polypeptide
segments were identified as those that produced the lowest
RMSD value for superposition (Fig. 3). For the rat FAS ACP
(Reed et al. 2003), the region for superposition thus included
nonhelical residues adjoining the helices I, II, and IV, since this
protein contains shorter helices (Fig. 3). Nonhelical residues at
the ends of helices were also included for the helices Il and IV in
fren ACP, and for helix II of L. rhamnosus Dcp (Fig. 3).

The coordinates of the ACP structures used for these compar-
isons were obtained from the Protein Data Bank, and in the case
of ensembles of NMR structures, the conformer with the lowest
RMSD to the mean coordinates (RMSD calculated over the
ordered regions of the protein as identified by the investigators
in the publications) was used for analysis. The conformer
with the lowest RMSD to the mean coordinates (i.e., 2AFE)
was also used to represent the Asl1650 solution structure in
these comparisons.
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